Introduction
============

The clock-drawing test (CDT) is important for evaluating mental status in both neurological and psychiatric populations ([@B23]). It is applied widely for Alzheimer's disease (AD) and related dementias, along with many other neurocognitive disorders such as Huntington's disease and Parkinson's disease ([@B64]; [@B71]; [@B87]; [@B57]). Although simple and easy to administer, performance of the CDT depends on successfully engaging multiple cognitive functions including visuospatial processing, executive function, semantic memory, and planning ([@B64]; [@B23]; [@B65], [@B66]; [@B71]; [@B55]). Due to the multi-domain nature of the task, it has proven to be an effective screening tool for AD and dementia with a sensitivity range of 76--87% and specificity range of 78--87% depending on the scoring method employed ([@B85]; [@B2]; [@B35]; [@B49]; [@B84]).

Many studies have evaluated the efficacy of the CDT as a clinical assessment ([@B36]; [@B71]; [@B87]; [@B57]; [@B17]), but very little has been reported on the neuroanatomical underpinnings of successful CDT performance in healthy individuals and patients. Given the widespread use of the CDT as a neuropsychological assessment tool, it is essential to determine which brain regions are involved in this test in a healthy older population in order to identify brain areas in which pathological aging may lead to impaired CDT performance. A critical area of healthy aging is the transition from older middle age to \>80 years of age, as this is when the prevalence of dementia substantially increases ([@B52]; [@B83]). Research has shown a relationship between CDT scores and age, with performance declining in the elderly population ([@B36]; [@B53]; [@B32]).

Early neuroimaging work has been done to investigate the neural correlates of the CDT ([@B82]; [@B33]; [@B37]; [@B78]; [@B79]; [@B42], [@B41]). Researchers have used single photo emission computed tomography (SPECT) to correlate resting regional cerebral blood flow with CDT score and found significant relationships with the bilateral parietal and posterior temporal lobes, right middle frontal gyrus and right occipital lobe ([@B82]; [@B41]). Other studies have implicated the bilateral temporal lobes, right parietal lobe, and the frontal cortex using magnetic resonance imaging (MRI) to measure the correlation between gray matter density and CDT score ([@B5]; [@B78]; [@B42]).

Beyond these methods, functional MRI (fMRI) provides a tool capable of identifying networks of activity throughout the whole brain during CDT performance, based on the blood oxygenation level-dependent (BOLD) signal contrast mechanism ([@B50]). Despite the heavy usage of fMRI in neuroscience, there are special ergonomic and engineering challenges associated with realistically implementing the CDT in such imaging studies, because the test requires individuals to communicate in writing while lying in the magnet bore ([@B77]). Only one previous task-based fMRI study has reported brain activity during a modified version of the CDT ([@B33]), in which participants traced clock hands using their finger on a plastic board after receiving auditory instructions. The participants did not complete the entire clock drawing task, used their finger to draw and had no visual feedback of their actions- all of which may contribute to substantially different task demands and underlying brain regions compared to the CDT, limiting interpretation of the fMRI results. [@B70] used multichannel near-infrared spectroscopy (NIRS) to overcome the limitations of an MRI environment and measure hemoglobin concentration changes during a traditional version of the CDT ([@B70]). However, the study only measured hemoglobin changes in the bilateral prefrontal and superior temporal cortical surface regions, providing limited information about the whole-brain response during CDT performance.

The present study extends prior research by employing novel fMRI-compatible touch-sensitive tablet technology with real-time visual feedback of hand and stylus position ([@B34]), to investigate performance and neural correlates associated with the CDT in a much more realistic testing environment. This initial work aimed to examine the underlying neural correlates of the CDT in a healthy older aging population, hypothesizing that (1) the test engages extensive areas of the brain including the bilateral frontal and parietal lobes; and that (2) decreases in task-related activity in key frontal and parietal areas are associated with age-related reductions in task performance.

Materials and Methods {#s1}
=====================

Participants
------------

Thirty-seven (*n* = 37) cognitively healthy older participants aged 52--85 were recruited into the study from the local community. All participants had to meet MRI screening criteria, which ensured they had no metal in their body or any other safety hazards that would pose a threat during the MRI scanning procedure. Participants were excluded if they had a history of any of the following: stroke, traumatic brain injury, brain tumor, seizure, any neurological condition (e.g., Parkinson's disease, Alzheimer's disease, multiple sclerosis), any psychiatric condition (e.g., bipolar disorder, schizophrenia), a gross movement disorder or impairment or substance abuse. No participants had any visual abnormalities that were not corrected with lenses or significant hearing loss. All participants were right handed based on the Edinburgh Handedness Inventory ([@B51]) and were fluent in English. All provided written informed consent to participate in the study, which was approved by the Research Ethics Board at St. Michael's Hospital, Toronto, Canada. Four participants were excluded from the analysis: one had an outlying Montreal Cognitive Assessment (MoCA) score (see section Analysis of Behavioral Measures); one was unable to follow instructions; one had non-reproducible brain activity; and one had significantly elevated head motion (see section fMRI Preprocessing and Analysis).

Psychometric Testing
--------------------

The cognitive abilities of the participants were assessed prior to the MRI session using the MoCA ([@B48]), which is a commonly used cognitive assessment battery, and the CDT. This work was conducted in the context of a larger fMRI study that included other neurocognitive tests (i.e., letter cancelation test, trail-making test, mazes), which were administered at this time to provide validation for the tablet versions of these tests. All tests were led by an experienced test administrator (MH, NT). For the CDT, participants were given a blank piece of paper and a pen, and instructed to "draw a large circle, put all the numbers in to make it look like the face of a clock, draw the hands of the clock to show 10 min after 11 and to stop when completed." The time to complete the entire CDT was recorded with no maximum time allotted. After the fMRI session, the participants completed the post-experimental tablet questionnaire, which provided self-reported ratings on task performance and comfort during the MRI session, and the Edinburgh Handedness Inventory.

Magnetic Resonance Imaging
--------------------------

Participants were imaged at St. Michael's Hospital using a 3.0 Tesla MRI system with the standard 20-channel head coil (Magnetom Skyra, Siemens Healthineers, Erlangen, Germany). Structural images were acquired using a three-dimensional T1-weighted Magnetization Prepared Rapid Acquisition Gradient Echo protocol (MPRAGE: inversion time (T1)/echo time (TE)/repetition time (TR) = 1090/3.55/2300 ms, flip angle (FA) = 80°, bandwidth (BW) = 200 Hz/px, sagittal orientation with field of view (FOV) = 240 mm by 240 mm by 173 mm, 256 by 256 by 192 acquisition matrix, isotropic voxel dimension = 0.9 mm thickness). The fMRI data were acquired during CDT performance using two-dimensional multi-slice T2^∗^-weighted echo planar imaging (EPI: TE/TR = 30/2000 ms, FA = 70°, BW = 2298 Hz/px, oblique-axial, slices interleaved ascending, with FOV = 200 by 200 mm, 64 by 64 acquisition matrix, 32 slices with 4.0 mm thickness and 0.5 mm gap, voxels = 3.125 mm by 3.125 mm by 4.0 mm).

fMRI-Compatible Tablet Technology
---------------------------------

The MRI-compatible tablet has a touch screen and stylus to provide a realistic approximation of pen and paper conditions, as well as an augmented reality system providing visual feedback of hand and stylus position for fine motor control ([@B34]). During imaging, participants lay supine with an adjustable mount over their waist to hold the tablet and camera in place, which enabled them to make precise tablet interactions with their arm supported. A mirror was angled at the top of the head coil enabling participants to view task instructions and their tablet interactions on a display screen that was illuminated by an MR-compatible projector (Avotec, Stuart, FL, United States). A picture of the set-up is shown in [Figure 1](#F1){ref-type="fig"}. Participants were provided with pads underneath their elbows for comfort when performing tablet interactions. fMRI-compatible prescription glasses (MediGlasses for fMRI, Cambridge Research Systems, Kent, United Kingdom) were provided for participants as necessary.

![Tablet technology used in the study. **(A)** Set-up on the patient table prior to position in the magnet bore, showing tablet and mount located at the waist of the participant, and placement in the standard head coil including the angled mirror. An individual from our lab modeled the tablet set-up and gave consent for publication of this image. **(B)** Close-up of the mount, tablet and video camera placement during tablet interaction. **(C)** Example of a completed clock drawing test by a participant using the tablet in the scanner.](fnhum-13-00025-g001){#F1}

fMRI of the CDT
---------------

The tablet-based CDT was presented to participants using commercially available software for behavioral testing (E-Prime Version 2.0, Psychology Software Tools, Inc., Sharpsburg, PA) run on a personal computer. The CDT was designed by adapting the Ministry of Transport Ontario (MTO) version of the task ([@B47]). Before beginning, the participants were briefed on the experimental set-up and performed a training session to familiarize them with the tablet. Participants also completed a practice session in the magnet bore where they performed simple tasks (write your name, trace a flower, etc.) and were qualitatively assessed to ensure they were able to manipulate the stylus.

The tablet-based cognitive testing involved a battery of different tasks, which were presented in a randomized order. The CDT was one of the tasks in this battery. The tablet-based CDT protocol consisted of two "runs" (total time duration = 14 min). There were approximately 12 min of other cognitive tasks interleaved between the two CDT runs. The task design for each CDT run is depicted in [Figure 2](#F2){ref-type="fig"} and consisted of three condition blocks: the clock-drawing test (CDT), a circle tracing condition and a fixation condition. The order of the three conditions (CDT, circle tracing and fixation) was fixed in order to provide periods of rest (visual fixation) between each of the CDT and circle tracing blocks. For the CDT, participants were instructed by a text display to "draw a large circle. Put all the numbers in to make it look like the face of a clock. Draw in the hands of the clock to set the time to the time specified. Stop when completed." Participants were then given 90s to comply with the instructions. Over the two runs, participants performed five trials of the CDT while setting the time to 3 o'clock, 20 min to 4, 10 min after 11, 45 min after 10, and 5 min after 6. Multiple clock times were chosen to minimize practice effects between blocks, with the first time condition (3 o'clock) selected as a simple instruction to help participants adjust to the task. The order of the five CDT time conditions was held fixed. For the circle tracing condition, participants were instructed to continuously trace a circle. They were presented with a pre-drawn circle on the display and continuously traced the outline of the circle for a total of 30 s, as quickly as possible while maintaining accuracy. During the fixation task, participants were asked to fixate their attention on a black cross in the middle of the display for 16 s.

![The experimental protocol for a "run" of the tablet-based CDT session during fMRI.](fnhum-13-00025-g002){#F2}

Analysis of Behavioral Measures
-------------------------------

Two different metrics were used to evaluate in-scanner performance on the CDT: score and time to complete. The CDT results were scored using the method outlined by [@B64], which is a semi-qualitative scoring method that consists of three components: R1, used to assess the integrity of the clock face, maximum score = 2; R2, used to assess the presence, sequencing and spatial arrangement of the numbers within the clock, maximum score = 4; and R3, used to assess the presence and placement of the clock hands, maximum score = 4. Higher scores indicate better performance on the task, for example a R1 score of 0 would indicate an inappropriate depiction of a clock face, whereas a score of 2 would indicate a present clock face without gross distortion. This scoring method allows measurement of performance on each individual component of the task, providing more detail on what types of errors are being made. The Rouleau method is commonly used in CDT research, particularly in groups with older populations and dementia because it measures error types ([@B8]; [@B17]; [@B72]; [@B74]). The total score (sum of R1, R2, and R3) was also calculated. Each clock was scored separately by two different individuals to ensure reliability of the scoring method. In the rare event of discrepancy in the score between the two raters (16% of the time), the average of the two scores was used for analysis. In addition, Cohen's Kappa inter-reliability was used to quantify the level of agreement between the two individuals who scored the CDT for each score (R1, R2, R3, and total). The time to complete metric for the CDT consists of the drawing durations of each clock component as well as the completion time for the whole clock. The behavioral measures, including CDT scores and time to complete the clock components and total, were averaged for each participant using data from both CDT runs during fMRI. Therefore, the average performance for each participant included data from all five tablet-based clock conditions (3 o'clock, 20 min to 4, 10 min after 11, 45 min after 10, and 5 min after 6). Average performance was correlated with age using a Spearman's rank correlation. Outliers were determined using the MoCA score to prevent significant cognitive impairment or enhancement from skewing the neurocognitive results for the group. Outliers were classified as MoCA scores that were 2.5 standard deviations outside of the group mean MoCA score. The upper limit exceeded the maximum achievable score on the MoCA. One subject had an outlying MoCA score that was below the lower limit (15, p ∼ 0.01, Normal distribution, 2-tailed). The analogous scores were generated for performance of the standard pen-and-paper CDT. The results for each score (R1, R2, R3, and total) were then compared to the tablet-based CDT results using a Spearman's rank correlation to assess convergent validity. Only the performance of the third tablet-based CDT trial was used in the comparison, so that the time instructions were matched (i.e., "ten past eleven").

fMRI Preprocessing and Analysis
-------------------------------

The fMRI data and structural scans were manually inspected for any visual abnormalities. With none found, data preprocessing and analysis were then performed using a hybrid pipeline, which included tools from the Analysis of Functional Neuroimages (AFNI)^[1](#fn01){ref-type="fn"}^ package ([@B11]), the FMRIB Software Library (FSL)^[2](#fn02){ref-type="fn"}^ package ([@B73]) and algorithms custom-written in the laboratory. The preprocessing pipeline incorporated slice-timing correction (AFNI *3dTshift*), rigid-body motion correction (AFNI *3dvolreg*), spatial smoothing (AFNI *3dmerge*), removal of outlier scan volumes via SPIKECOR ([@B6]), and regression of motion parameters and linear-quadratic trends as nuisance covariates. To control for physiological noise, a) PHYCAA+ ([@B9]) was used to perform data-driven down-weighting of regions other than gray matter, without the need to acquire cardiac or respiratory waveforms during imaging; and b) seed-based regression of white matter and CSF was performed using regions of interest in the left and right corona radiata and the left and right lateral ventricles. The resulting data were transformed into a common neuroanatomical template space as follows: the FSL *flirt* algorithm was used to calculate the rigid-body transform of the mean fMRI volume to the T1-weighted anatomical image, and the affine warp of the T1 anatomical image to the MNI152 (Montreal Neurological Institute) template ([@B43]) for each participant. The net transformation matrices were applied to the fMRI data, which were resampled at an isotropic spatial resolution of 3 mm. Due to the variability in brain size among participants \>80 years old, the anatomical transformation was improved by manual inspection and manual segmentation of the brains, if required.

Analysis of the preprocessed imaging data at the individual subject level (first level) was completed by fitting the task conditions (CDT, circle tracing and fixation) in an ordinary least squares general linear model (GLM), to measure the contrast of CDT performance vs. fixation. Activation during all tasks (CDT, circle tracing and fixation) in both runs was used in the analysis, therefore activity during all five CDT conditions (3 o'clock, 20 min to 4, 10 min after 11, 45 min after 10, and 5 min after 6) was considered. The circle tracing task involves fine motor and visuospatial abilities, making it a challenging task that is not an appropriate control for clock-drawing, therefore the CDT vs. circle tracing contrast was not analyzed in this study. The analysis was done in the NPAIRS ([@B76]) analysis framework, with regression coefficient maps of runs 1 and 2 calculated separately, before combining to obtain a reproducible, Z-scored map of activation, along with a measure of between-run reproducibility (i.e., Pearson correlation of the pairwise voxel values). To ensure that results are not influenced by subjects with excess head motion or poor BOLD signal in this older cohort, two tests were performed on fMRI data. The first test used the motion parameters derived from motion correction, measuring median absolute displacement on each of the 6 rigid-body motion axes for every subject. We then fit a gamma distribution to each parameter and identified any subjects with significantly elevated displacement at *p \<* 0.05 (Bonferroni adjusted). One subject had outlying head motion on the yaw axis (0.75°; group median \[interquartile range (IQR) = 0.19° (0.09°); gamma test, *p* \< 0.001\]. The second test examined between-run reproducibility values and identified any subjects with reproducibility below zero, indicating that CDT-related brain activity was non-reproducible between runs. One subject had non-reproducible brain activity between runs \[Pearson correlation = -0.07; group median (IQR) = 0.50(0.26)\].

Non-parametric group-level (second level) analysis was then done by performing 1-sample bootstrap analyses on the z-scored participant maps for the whole group with effect size on the regression coefficients based on bootstrap resampling and adjusting for multiple comparisons using a cluster size threshold (*p* \< 0.005, cluster size = 20). Covariate analysis was completed using a GLM that included both age and total score as regression coefficients to determine the effect of each variable on the task-related activation.

Results
=======

Participants
------------

Thirty-three participants were included in the final analysis. Demographic and neuropsychological data are summarized in [Table 1](#T1){ref-type="table"}.

###### 

Demographic and neuropsychological assessment scores of the group.

                               Median (IQR)   Quartile 1   Quartile 3
  ---------------------------- -------------- ------------ ------------
  Age                          71.0 (15.0)    65.0         80.0
  Gender (female), (%)         19.0 (57.6%)                
  Years of education           16.0 (3.0)     14.0         17.0
  MoCA score                   27.0 (2.0)     26.0         28.0
  **Paper-Based CDT**                                      
  R1 score                     2.0 (0)        2.0          2.0
  R2 score                     4.0 (0.5)      3.5          4.0
  R3 score                     4.0 (0.5)      3.5          4.0
  Total score                  9.5 (1.0)      9.0          10.0
  Time to complete (seconds)   30.0 (13.0)    23.5         36.4
                                                           

Values reported in median (interquartile range) format unless otherwise stated. N, number of observations; MoCA, Montreal Cognitive Assessment; CDT, clock-drawing test; R1, clock face drawing component; R2, clock number drawing component; R3, clock hand drawing component.

Behavioral Results
------------------

During fMRI, a statistically significant correlation was found between age and CDT score on all components of the task except R1, the clock-face drawing component ([Table 2](#T2){ref-type="table"}). There was a significant negative correlation between age and drawing the numbers (R2; rho = -0.549, *p* \< 0.001), setting the hands to the correct time (R3; rho = -0.502, *p* = 0.003) and overall CDT score (rho = -0.621, *p* \< 0.001). On the paper version of the task, there was a negative correlation between age and CDT score on all components of the task, however, only the correlation between total score and age was statistically significant (rho = -0.35, *p* = 0.04) ([Table 2](#T2){ref-type="table"}). For both the tablet and paper-based CDT, there was a positive correlation between time to complete the task and age, but without statistical significance ([Table 2](#T2){ref-type="table"}). The Cohen's Kappa value for inter-rater reliability between the two individuals who scored the tablet-based CDT was 0.82, which is classified as almost perfect ([@B10]). There was a strong correlation between scores on the paper-based CDT and the tablet-based CDT (rho = 0.884, *p* \< 0.001), which suggests good convergent validity between the two versions of the task. Post-experimental questionnaires were completed by 18 participants and showed average self-reporting ratings of good performance on the task with no difference in performance between paper-based CDT and tablet-based CDT. Participants reported comfort with the in-scanner set-up and no adverse physiological symptoms during or after the MRI session.

###### 

Analysis of the effect of age on the performance of the paper-based and tablet-based CDT.

                         Median (IQR)   Rho     *p*-value   95% CI   
  ---------------------- -------------- ------- ----------- -------- -------
  **Paper-Based CDT**                                                
  R1 Score               2.0 (0)        -0.11   0.55        -0.44    0.24
  R2 Score               4.0 (0.5)      -0.18   0.32        -0.49    0.17
  R3 Score               4.0 (0.5)      -0.21   0.23        -0.52    0.14
  Total Score            9.5 (1.0)      -0.35   0.04        -0.62    -0.01
  Total Time (seconds)   30.0 (13.0)    0.33    0.06        -0.02    0.60
  **Tablet-Based CDT**                                               
  R1 Score               2.0 (0.1)      0.32    0.07        -0.03    0.59
  R2 Score               3.6 (0.8)      -0.55   \<0.001     -0.75    -0.25
  R3 Score               3.1 (0.7)      -0.50   0.003       -0.72    -0.19
  Total Score            8.8 (1.4)      -0.62   \<0.001     -0.79    -0.35
  R1 Time (seconds)      4.8 (2.1)      0.10    0.58        -0.25    0.43
  R2 Time (seconds)      22.3 (6.6)     0.26    0.14        -0.09    0.56
  R3 Time (seconds)      10.9 (7.2)     0.34    0.054       -0.01    0.61
  Total time (seconds)   38.6 (15.3)    0.33    0.06        -0.01    0.61
                                                                     

Data for the tablet-based CDT averaged across all 5 trials. Data for the paper-based CDT consists of only one trial. Values reported in median (interquartile range) format. n, number of observations; rho, Spearman's rank correlation of the CDT performance and age; CI, confidence interval; CDT, clock-drawing test; R1, clock-face drawing component; R2, clock number drawing component; R3, clock hand drawing component.

fMRI Results
------------

[Figure 3A](#F3){ref-type="fig"} shows that across all participants, an extensive pattern of positive activation (increased activity during CDT performance compared to fixation) was observed in the bilateral frontal cortex, occipital cortex, parietal cortex, inferior temporal cortex, cerebellum, insula, supplementary motor area, middle cingulate gyri, precentral gyri and the left post-central gyrus. Negative activation (decreased activity during CDT performance compared to fixation) was observed in the bilateral insula, temporal cortex, hippocampus, parahippocampal gyri, cerebellum, fusiform gyri, precuneus, cuneus, angular gyri, posterior cingulate gyri and middle cingulate gyri ([Figure 3A](#F3){ref-type="fig"}).

![**(A)** Brain activation for the contrast of CDT performance vs. visual fixation. **(B)** Covariance with age, and **(C)** Covariance with performance (total score). Images were displayed in 2 mm × 2 mm × 2 mm resolution for consistency with the anatomical template.](fnhum-13-00025-g003){#F3}

A sparse pattern of brain areas showed reliable effects of age on task-related activation ([Figure 3B](#F3){ref-type="fig"}). All the regions identified showed a negative correlation (decreased task-related activity with increased age) including the right calcarine sulcus, right inferior temporal lobe, left occipital lobe, right insula, right superior temporal lobe, right supramarginal gyrus, right precentral gyrus, left superior parietal lobe and right supplementary motor area.

A similarly, sparse set of brain regions showed effects of total CDT score on task-related activation ([Figure 3C](#F3){ref-type="fig"}). The association was positive (increased task-related activity with increasing total score) in the right caudate nucleus, whereas negative association (decreased task-related activity with increasing total score) was observed in the left cerebellum, right hippocampus, bilateral temporal lobes, bilateral thalamus, right insula, left putamen, right supramarginal gyrus, bilateral middle cingulate gyri, right supplementary motor area and left paracentral lobe. Clusters of activation for [Figure 3](#F3){ref-type="fig"} are listed in [Table 3](#T3){ref-type="table"}.

###### 

Clusters of activation during completion of the clock-drawing test.

  Cluster number                                                        Cluster size (voxels)   Coordinates of center (x,y,z)   Peak value   Anatomical region           
  --------------------------------------------------------------------- ----------------------- ------------------------------- ------------ ------------------- ------- ---------------------------------
  **CDT Performance vs. Fixation ([Figure 3A](#F3){ref-type="fig"})**                                                                                                    
  1                                                                     22,727                  12,                             -39,         9                   -0.97   Right posterior cingulate gyrus
  2                                                                     263                     -51,                            -63,         3                   -5.11   Left middle temporal gyrus
  3                                                                     196                     0,                              39,          -15                 -4.51   Left gyrus rectus
  4                                                                     189                     51,                             -57,         27                  -4.79   Right angular gyrus
  **Covariance with age ([Figure 3B](#F3){ref-type="fig"})**                                                                                                             
  1                                                                     136                     27,                             -18,         57                  -4.91   Right precentral gyrus
  2                                                                     84                      54,                             -30,         18                  -5.19   Right superior temporal gyrus
  3                                                                     72                      12,                             0,           60                  -4.65   Right supplementary motor area
  4                                                                     51                      42,                             -3,          9                   -5.17   Right insula
  5                                                                     50                      15,                             -102,        0                   -4.59   Right calcarine sulcus
  6                                                                     38                      42,                             -66,         0                   -4.11   Right middle temporal gyrus
  7                                                                     38                      18,                             -48,         66                  -4.14   Right superior parietal lobe
  8                                                                     37                      -33,                            -93,         12                  -4.05   Left middle occipital gyrus
  9                                                                     24                      30,                             -66,         -60                 -4.16   Right lobe VIII of cerebellum
  10                                                                    24                      -27,                            -78,         45                  -4.05   Left superior parietal lobe
  **Covariance with performance ([Figure 3C](#F3){ref-type="fig"})**                                                                                                     
  1                                                                     838                     42,                             -21,         6                   -8.15   Right transverse temporal gyrus
  2                                                                     219                     0,                              -33,         48                  -4.62   Left middle cingulate gyrus
  3                                                                     93                      -57,                            -36,         0                   -4.76   Left middle temporal gyrus
  4                                                                     86                      -33,                            -18,         6                   -4.52   Left insula
  5                                                                     47                      9,                              0,           63                  -4.76   Right supplementary motor area
  6                                                                     41                      -15,                            -27,         -12                 -4.40   Left parahippocampal gyrus
  7                                                                     39                      12,                             -87,         -27                 -4.57   Right crus II of cerebellum
  8                                                                     35                      24,                             -30,         63                  -3.73   Right post-central gyrus
  9                                                                     30                      18,                             -3,          24                  4.97    Right caudate nucleus
  10                                                                    23                      -9,                             -54,         -33                 -3.54   Left lobe IX of cerebellum
                                                                                                                                                                         

Active clusters of brain areas identified for the clock--drawing test vs. fixation contrast, covariance with age and covariance with performance. Spatial locations of the center of the cluster reported in Montreal Neurological Institute (MNI) coordinates.

Discussion
==========

This is the first fMRI study to characterize brain activity during CDT performance for healthy elderly individuals. The study was made possible by the use of novel tablet technology that permitted naturalistic CDT performance during imaging. In contrast with visual fixation, extensive patterns of positive CDT-related activation were observed in the bilateral occipital, parietal, frontal and inferior temporal lobes as well as the bilateral cerebellum, supplementary motor area, precentral gyri and left post-central gyrus. Healthy aging in an older adult population had a significant effect on CDT performance with older adults exhibiting both reduced task-related brain activity and lower behavioral scores.

The positive CDT-related activation results are consistent with our current understanding of the neural correlates of the test ([@B33]; [@B78]; [@B79]; [@B41]), supporting the importance of these brain regions in successful completion of the task. Regarding the visual processing aspects of the CDT, a recent SPECT study reported an association between the hand drawing score (R3) and activation levels in the occipital lobe ([@B41]). In addition, parietal regions involved in visual and spatial perception, such as the supramarginal gyrus, have been linked to CDT performance in patients with brain lesions ([@B79]). The executive function requirements of the test ([@B66]), critical for controlling and coordinating all elements of the task through to completion, are known to localize in the frontal lobe and more specifically the prefrontal cortex ([@B63]; [@B1]). The prefrontal cortex was implicated in a NIRS study of the CDT, which reported a significant negative association between task completion time and hemoglobin concentration changes in the prefrontal cortex ([@B70]). The scaffolding theory put forward by [@B54] suggests that with age, the brain develops alternative neural pathways to preserve cognitive functions in older adults despite age-related changes in brain structure ([@B54]). This effect has been localized to the prefrontal cortex, which has shown consistent over-activation in older adults, suggesting that increased activity of this brain area compensates for the decline in structure and function in other brain regions ([@B3]; [@B54]). The extensive frontal activation during CDT seen in this study is consistent with this theory and implies that recruitment of the frontal lobe allows older adults to complete the task despite changes in neural activity in posterior brain areas. The cerebellum has been associated with higher-level cognitive functions including working memory tasks ([@B38]; [@B14]), such as the CDT, and was activated in a previous fMRI study that used a less naturalistic implementation of the test ([@B33]). Finally, the supplementary motor area, precentral gyri and left post-central gyrus were all activated as expected, given their established role in motor performance ([@B58]; [@B88]; [@B56]). Interestingly, the former two areas were activated bilaterally, as often observed for motor tasks with high cognitive demands ([@B59]; [@B69]; [@B12]). The left lateralization of the post-central gyrus is consistent with the contralateral somatosensory processing component of tablet and stylus interactions made by the test participants, all of whom were right-handed.

In addition to the aforementioned areas, CDT-related activation was observed in the bilateral middle cingulate gyri and insula. The anterior portion of middle cingulate has been implicated in connections with the dorsal prefrontal cortex that are involved in cognition ([@B75]; [@B89]), suggesting that this region may play a role in the executive functioning pathway used during the CDT. The insula and the anterior cingulate cortex are both primary components of the salience network, which functions to recruit and coordinate various brain regions and their behavioral responses to salient stimuli ([@B45]; [@B86]).

This study has provided new information revealing brain areas with reduced activation during the CDT. Negative CDT-related activation was observed in the bilateral insula, hippocampus, parahippocampus, cerebellum, angular gyri, posterior and middle cingulate cortex as well as areas in the temporal and occipital lobes. Many of these regions are involved in the default mode network ([@B28], [@B29]; [@B22]), which is commonly active during wakeful rest or stimulus-independent thought ([@B40]) and therefore would be suppressed during a completion of a complex task, such as the CDT. Sub-regions of the insula, middle cingulate gyrus and cerebellum showed contrasting patterns of activation during completion of the CDT. A given brain structure may be responsible for multiple cognitive functions that are localized to distinct sub-regions leading to different levels of activity. For example, the anterior part of the insula is a component of the salience network and was positively activated during task completion ([@B45]; [@B81]).

Activity in the bilateral occipital and parietal lobes was observed to decrease as a function of participant age. Furthermore, a significant negative correlation was found between test performance and age, such that younger adults had better CDT scores (R2, R3, total score) than the older adults. Taken together, these two findings suggest that the reductions in brain activity in the regions identified may be primarily responsible for the CDT performance decrements that occur in old age. Studies investigating changes in cognition due to healthy aging have shown impaired attention, visual scanning and processing, executive function and visuospatial perception in older groups ([@B27]; [@B19]; [@B30]; [@B46]). All of these elements are required for successful CDT performance. Furthermore, numerous imaging studies have identified age-related changes in the structure and function of the occipital and parietal lobes ([@B27]; [@B61]; [@B60]; [@B13]; [@B21]).

Increased activation was observed in the right caudate nucleus as a function of participant total CDT score. The caudate nucleus has been implicated in the frontal subcortical circuit for mediating executive function ([@B44]; [@B20]; [@B24]), and previous anatomical imaging studies have reported correlations between caudate atrophy and impaired CDT performance ([@B31]; [@B68]). Collectively, the present work and prior literature suggest that the caudate nucleus plays an important role in successful test completion. Increased CDT score was also correlated with decreased CDT-related activation in various areas. Previous imaging studies have shown that increased cognitive performance can lead to more efficient brain functioning ([@B7]; [@B67]; [@B26]), suggesting that the negatively correlated areas are less active in more skilled participants due to neural efficiency.

The behavioral performance on the tablet-based CDT showed reasonable convergent validity with the standard version of the test as scored by the Rouleau method ([@B64]). Multiple scoring systems have been devised for the CDT, but the Rouleau method was used here because of its popularity in research studies, especially those involving elderly populations ([@B87]; [@B8]; [@B18]; [@B72]; [@B74]). Our results agree with normative Rouleau scores for an elderly aging group ([@B4]; [@B80]). Future studies could use a more detailed scoring system, but there is currently no strong consensus regarding an optimal scoring system for this task ([@B62]; [@B57]; [@B16]; [@B39]).

Although this study used novel technology to provide important insight into brain activation patterns of older adults during the CDT, there are a few methodological limitations that are important to note. fMRI is a highly useful tool for studying brain activity, however, the age effect on BOLD signal and low temporal resolution can limit the neuroimaging results of the study. There are physiological effects of aging on the biophysical parameters that are responsible for the BOLD signal contrast mechanism -- irrespective of changes in neural activity and this is a limitation commonly seen in fMRI studies with older cohorts ([@B15]; [@B25]). Future studies will be required to corroborate the present initial results, with the inclusion of appropriate physiological imaging measure to provide control data. fMRI provides precise spatial localization of brain activity at the expense of reduced temporal resolution. Other imaging modalities, such as electroencephalogram (EEG), with higher temporal resolution may provide more information about dynamic changes in brain activity during CDT, at the expense of reduced spatial localization. Future studies should ideally combine EEG with fMRI to provide a more comprehensive characterization of CDT-related brain activity. These concerns notwithstanding, the agreement of the present results with the existing literature on the neural correlates of the CDT, including studies involving different imaging modalities, suggests that both the physiological confounds due to aging and the low temporal resolution of fMRI are not having a major impact on the interpretation of the research outcomes.

The five time conditions of the CDT were presented in a fixed order, which is another limitation to the current study. Future studies should randomize the order of the times to counter-balance for practice effects. The cohort of this study was an older aging population between the ages of 52 and 85. The age-related changes that occur along this range have significant importance in both healthy and pathological populations, therefore studying the effect of age on CDT-related brain activity in this group provides valuable insight for both researchers and clinicians. However, it is necessary to conduct further investigations, which explore brain activity during the CDT across a larger age span to more comprehensively characterize the effect of healthy aging.

Conclusion
==========

This study used novel tablet technology and fMRI to determine the underlying neural correlates of the CDT in a healthy older aging population, providing new insights into the neural mechanisms of the test and their relationship with age and test performance. Across the aging group, positive task-related activity was observed in the bilateral frontal, occipital, parietal and inferior temporal lobes as well as the bilateral cerebellum and key motor areas. There was a significant negative correlation between both performance and task-related activity with age. Decreased activity with older age was seen in the bilateral occipital and parietal lobes, suggesting that function of these areas is affected by normal aging, potentially leading to poorer CDT performance. The CDT is sensitive to cognitive changes due to healthy aging in an older population, which raises questions on its validity as a screening tool for pathological impairment in elderly populations. Further research on this topic is critical because of the widespread use of the CDT as a clinical assessment in older populations. It is necessary to conduct future studies, which compare neural activity during the CDT in a healthy aging and cognitively impaired population to help inform the use of the CDT as a clinical screening tool.
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:   clock-drawing test

MoCA

:   Montreal Cognitive Assessment
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